Impact of transparent electrode on photoresponse of ZnO-based phototransistor
ZnO-based photo-thin film transistors with enhanced photoresponse were developed using transparent conductive oxide contacts. Changing the electrode from opaque Mo to transparent InZn-O increases the photocurrent by five orders of magnitude. By changing the opacity of each source and drain electrode, we could observe how the photoresponse is affected. We deduce that the photocurrent generation mechanism is based on an energy band change due to the photon irradiation. More importantly, we reveal that the photocurrent is determined by the energy barrier of injected electrons at the interface between the source electrode and the active layer. Oxide-semiconductor-based photonics has attracted great interest due to its compatibility with conventional electronic device systems. [1] [2] [3] [4] [5] [6] Advantages such as high stability, proper energy bandgap, and ease of fabrication at low temperatures with high uniformity over a large area have established oxide semiconductor photo-devices as one of the best alternatives to Si for next generation systems. [7] [8] [9] The oxide based thin film transistors (TFTs) are studied as a next generation electronics, such as flexible and transparent electronics. Recently, moreover, oxide based interactive display devices have attracted great interest to realize an in-cell type dualmode device, which refers to integrating both driving TFT and a sensor. By employing various sensing methods on the oxide-TFTs, such as resistive, capacitive, or optical, one can realize hybrid tough screen panel. The oxide photo-TFTs would be a good example. 10, 11 For phototransistors, the channel current can be controlled by the incident light intensity as well as the gate bias. Unlike two-terminal photodiodes, the third electrode of the phototransistor enables control of the light response without noise-associated problems and persistent photoconductivity. [12] [13] [14] [15] Moreover, due to its high mobility, the low sub-threshold slope, and the fast light response time, the photo-TFTs have been studied as photosensors for contact-free interactive display applications. Besides these various advantages, the conduction mechanism of the amorphous oxide is not clear, thus neither is the understanding of the photoresponse.
We proposed a photocurrent mechanism based on oxygen vacancies located at a ZnO deep level state. 11 Recently, we also proved that the photocurrent generation could be attributed to an energy barrier reduction at the interface between the electrode and the active layer. 16 Based on those interface-dependent photocurrent mechanisms, we studied the oxide photo-TFTs with enhanced photoresponsivity, employing transparent electrodes. By changing the source and drain electrodes (S/D) from opaque metal to transparent conducting oxide, the incident light is affecting the interface between electrode and active layer immediately. Thus, the energy barrier could be reduced effectively and the photoresponsivity improved as well. This clarified the interface dependency of the photoresponse mechanism. For the current study, bottom-gate and top-contact photo-TFTs structures were fabricated on a glass substrate using standard semiconductor processes ( Figure 1 ). As an electron channel, Ga-In-Zn-O (GIZO) and In-Zn-O (IZO) double layers were deposited both with 40 nm thicknesses, respectively, using radio frequency (RF) sputtering at room temperature. The atomic ratio of the deposited GIZO/IZO film was analyzed using inductively coupled plasma atomic emission spectroscopy and it was found to be 0.18:0.40:0.42 (Zn:Ga:In) and 0.53:0.47 (Zn:In), respectively. The doublelayered film was characterized as nano-sized crystalline islands, which were embedded in an amorphous matrix. This is shown in the transmission electron microscopy diffraction and X-ray diffraction patterns (Figure 1, inset) . The S/D electrodes were deposited using RF sputtering as well. For the transparent electrode, we used IZO (work function / $ 5.0 eV) with an atomic ratio of 0.8:0.1 (In:Zn). For comparison, conventional Mo (/ $ 4.8 eV) was employed for the opaque metal electrode. Those electrodes are known to forming an ohmic contact with slight Schottky barrier in GIZO based TFT structure. 17, 18 The detailed fabrication conditions and device structure are described elsewhere. 10, 11 The phototransistor characteristics of each device with transparent and opaque S/D were investigated using an Agilent 4156 C analyzer in DC sweep mode. The channel length and width of the photo-TFTs were 20 lm and 350 lm, . The basic transistor characteristics were independent of electrode transparency, including parameters such as electron mobility, off-current density, threshold voltage, and sub-threshold swing. However, under blue light irradiation, the characteristics were fairly different. Figure 2 (a) presents the characteristics of the transparent S/D photo-TFT with a different power of blue light irradiation. In the positive voltage region (V GS > 0), the amount of electrons through the photo-generated channel is negligible compared to the on-current, thus no significant change is observed. In the negative voltage region (V GS < 0), the field-effect region disappears at the n-type GIZO layer, thus the off-current through the photo-generated channel is significantly enhanced. This photon-increased off-current is referred to as the photocurrent. In the case of the Mo S/D photo-TFT, however, the response to the irradiated light was small as Figure 2 (b) presents. The photocurrent could be remarkably increased by using a transparent electrode instead of the device with Mo S/D, i.e., the response is immediately affected by the light incident on the S/D interface. Note that when the applied drain voltage, V D , is set to 10 V, the photocurrent dependency on electrode transparency disappears (Figure 2-gray line) . When the voltage difference between S and D is large enough, the electrons injected from the source have enough energy to overcome the energy barrier. Thus, the interface dependency disappears. The detailed mechanism will be discussed later.
For a better comparison of the electrode transparency effects on photoresponsivity, the photocurrents were measured in sampling mode. The gate V GS and drain V D voltages were set to -20 V and 1 V, respectively. The blue light pulse (k ¼ 460 nm, FWHM ¼ 50 nm, 1 s) was irradiated with a different power for this measurement. As Figure 3 shows, the transparent S/D photo-TFTs show a photocurrent five orders of magnitude higher than for Mo S/D photo-TFTs. As explained above, the photocurrent increment is attributed to the direct incidence of irradiated light on the interface region. To eliminate the effect of the light incidence area difference (between the transparent and Mo S/D devices) on the photoresponsivity, the external quantum efficiency (EQE) was calculated by the following equation:
where J ph is the photocurrent and P is the incident photon power. The calculated EQE of each device using transparent and opaque electrode, was 3.16 Â 10 4 and 1.26, respectively, when irradiated by blue light (k ¼ 460 nm, FWHM ¼ 50 nm) at 0.150 mW/cm 2 . To clarify the importance of the interface region, each of the source and drain electrodes was covered with a metal mask (Figure 3(b)) . Surprisingly, when the source electrode is covered with the metal mask, the photocurrent is significantly decreased for Mo S/D photo-TFTs, while covering the drain electrode does not affect the photoresponsivity that much. This indicates that the photocurrent is decided by the photon incidence on the source electrode. The relation between the photoresponsivity and electrode transparency could be interpreted using a schematic energy band diagram (Figure 4) . To explain the mechanism of photocurrent, output curve with different incident photon power is presented in Figure 3(c) . The gate voltage V GS was set to 0 V and the incident photon power was increased from 0 to 0.12 mW/cm 2 during the measurement. Since photocurrent is only dependent on photo generated carrier density, the field-effected channel does not affect the amount of photocurrent, and thus the photocurrent can be increased at the V GS ¼ 0. One can consider the field-effected channel as front channel and photo-effected channel as back channel.
The active layer of the photo-TFTs consists of two layers: the bottom GIZO and top IZO layers. The GIZO layer is relatively stable against external stimuli such as light and heat, since gallium additives suppress oxygen vacancy formation. 19, 20 Thus, the base TFTs performance is attributed to the GIZO layer working as a front channel. Besides, amorphous IZO is a photosensitive material because of its oxygen vacancies, which results in electron-hole pair generation from the sub-gap state. 11 Thus, the IZO layer is working as a back channel and thus providing the characteristics of the phototransistor. In the dark state, the back channel stays closed while the front channel is operated by the gate voltage bias (Figure 4(a) ). As with conventional n-type oxide TFT, the front channel is opened when the gate is biased with above-threshold voltage, as carriers accumulate at the dielectric interface. Likewise, the channel is closed when a belowthreshold voltage is applied to the gate. During conventional TFT operation, the IZO layer, which is far from the dielectric interface, cannot be involved. When irradiated with photons, however, a photocurrent path is generated at the IZO layer, which thus works as an active layer.
Several mechanisms can explain the conductivity change of ZnO-based materials when irradiated with photons, e.g., exiton generation and surface affected channel formation. 21, 22 Our device is based on a mechanism different from those conventional ones. It is well known that the chemisorbed oxygen ions on the intrinsic ZnO surface attract carriers from ZnO defect sites. This induces energy band bending and a carrier depletion region near the surface. When photon energy is incident on ZnO, photo-generated holes drift to the surface, discharge the oxygen ions, and reduce the depletion region. Consequently, the conductivity of ZnO can be increased. In case of our device, however, the solid passivation layer over the device prevents the interaction with external species such as oxygen ions, thus the surface-based mechanism can be eliminated.
Here, the high density of subgap states formed by oxygen vacancies at the active IZO layer plays a key role. Once photons of enough energy are irradiated, neutral oxygen vacancies at a deep level of the IZO are activated to shallow donor states and release electrons through the
À transition. This results in an accumulation of carriers and lowers the conduction band. Consequently, when the carriers are accumulated enough to form a channel between S and D, the number of electrons that are injected from the grounded source electrode to the drain electrode depend on the biased voltage. That is, the incident photon relates to the back channel as the gate bias does to the front channel. When light is irradiated on opaque S/D photo-TFTs, the conduction band is lowered locally in the irradiated region (Figure 4(b) ). When V D is not large enough, the electrons cannot cross over the channel because of the energy barrier between the active layer and the electrodes. This leads to a five orders lower photocurrent compared to the transparent electrode device. In case of transparent S/D photo-TFTs, the incident photons are directly irradiated on the interface region (Figure 4(c) ). Then the conduction band of the IZO active layer is lowered and the back channel is connected from source to drain efficiently. 16 Consequently, the energy barrier between the source electrode and the conduction band is lowered and the electrons at the source electrode are able to overcome the barrier even at low V D . This leads to a significant photocurrent and high photoresponsivity. This can be proved by the photocurrent dependency on the incident light intensity. The amount of photocurrent of transparent S/D photo-TFTs increased logarithmically as the irradiated light intensity increased, while the photocurrent change of Mo S/D photo-TFTs was negligible (Figure 3) . The amount of carrier generation at the bulk region of the device does not affect the current flow between the source and drain, while at the interface region it does so crucially. One can deduce that the interface energy state plays a key role in the IZO photo-TFTs. In this interface-dependent region, i.e., when V D is not enough so that the photoresponsivity is dependent on the S/D transparency, the interface at the source electrode is highly important, as mentioned above (Figure 3 ). When the conduction band is lowered locally, the electron movement is inhibited by the energy barrier. Here, when only the source electrode is transparent, the photoresponsivity is comparable to that of transparent S/D photo-TFTs. This result indicates that the decisive energy barrier is located at the source interface, and reveals the photocurrent mechanism of general photo-TFTs (Figure 4(d) ). This conduction band lowered by light irradiation at local site was simulated at the previously reported study. 16 When photons are irradiated on photo-TFTs, the activated oxygen vacancies generate carriers at the source interface, lower the conduction band, and finally, when the energy barrier is low enough for electrons to overcome it, the photocurrent is generated.
We have developed highly photoresponsive photo-TFTs using transparent S/D. By changing the electrode from opaque Mo to transparent IZO, the photocurrent was increased by five orders of magnitude and the EQE by a factor 3000.
We deduce that the mechanism of photocurrent generation is based on an interface energy-band alignment. More importantly, we have revealed that the photocurrent is determined by the energy barrier at the source interface.
